This paper discusses the effects of pore arrangements on the dielectric property of porous low-k and high-k dielectrics. Higher performance large scale integration (LSI) requires lower dielectric constant to decrease line-to-line capacitance. Recently, porous low-k dielectrics are introduced for low-k dielectrics because of its ultra lower dielectric constant. However, their poor mechanical strength causes fractures of porous low-k dielectrics during Chemical Mechanical Polishing (CMP) process. Therefore, it is important to develop porous low-k dielectrics with high mechanical strength and low dielectric constant. On the other hand, porous high-k dielectrics are needed as ferroelectrics. It is also important to understand the dielectric property of porous high-k dielectrics. We studied the dielectric property of porous low-k and high-k dielectrics by finite element method and U* theory. The index U* is used to indicate load paths in a structure. We extended U* theory to the electrostatic field problem and investigated the dielectric property of dielectrics. By using U* in electrostatic field analysis, the dielectric performance of porous low-k and high-k dielectrics becomes more clear.
Introduction
Recently, wiring distances become narrow because of higher performance large scale integration (LSI). The narrow wiring distances induce a signal cross-talk and resistance-capacitance delay. Then, copper (Cu) wiring technology instead of aluminum (Al) wiring and low-k dielectrics are introduced. Especially, low-k dielectrics with a dielectric constant less than 2.3 are necessary for the 45nm technology nodes (1) . Porous low-k dielectrics are introduced for low-k dielectrics because of its ultra lower dielectric constant. However, increasing porosity of porous low-k dielectrics makes mechanical strength of porous low-k dielectrics lower. Then, the fracture of porous low-k dielectrics may occur during Chemical Mechanical Polishing (CMP) or packaging processes. Thus, it is important to achieve a good balance between high mechanical strength and low dielectric constant.
A lot of researches have been studied about porous low-k dielectrics. The structure of porous low-k dielectrics can be measured by small-angle X-ray scattering (2) . The method to make pores in dielectrics was confirmed (3, 4) . The mechanical property of porous low-k dielectrics was studied (5~7) . The influence of pore size and shape to Young's modulus and dielectric constant was investigated (8, 9) . Shear stress distribution on the surface of the low-k dielectrics during CMP process was studied (10) and it was shown that shear stresses concentrate at the boundary layer between hard mask and low-k dielectrics (11) . However, it has not been clarified the influence of pore arrangement on dielectric properties. Meanwhile porous high-k dielectrics are needed as ferroelectrics. Especially high performance ferroelectrics are desired in the field of computers (12) . At porous high-k dielectrics, pores are filled with dielectric materials which are high dielectric constant (13) . It is also important to understand the influence of pore arrangement on dielectric properties.
In this paper, we studied the dielectric property of porous low-k and high-k dielectrics by finite element method and U* theory. U* expresses a degree of connection between a loading point and an internal arbitrary point (14~18) . To estimate dielectric property, we extended U* theory to the electrostatic field problem. The effects of pore arrangements on the dielectric property of porous low-k and high-k dielectrics were discussed. Figure 1 shows an elastic body with loading point A and supporting point B. Point C is an arbitrary point on the body. The index U* is defined as
U* theory

U* theory in structural analysis
where the value U is a strain energy stored in the entire body when point C is unrestrained ( Fig. 1 (a) ), and the value U' is a stored energy when point C is restrained ( Fig. 1 (b) ). Since the strain energy U' has a higher value when the connectivity between point A and point C is stiffer, the index U* expresses the connectivity between the loading point and an arbitrary point.
The relationship concerning the loading and deformation among points A, B, and C is expressed in terms of the internal stiffness (or relative stiffness) as follows; (2) where each tensor K with subscripts is a internal stiffness including 3x3 scalar elements, and each vector p or d with subscript is a loading vector or a displacement vector including three scalar elements. Although Eq. (2) appears to be identical to the equation of the primitive finite element analysis, the meaning of the equation is completely different. Equation (2) shows the behavior with respect to the entire structure.
The index U* in Eq. (1) can be rewritten using the internal stiffness in Eq. (2) as follows;
where the vector d C is a displacement of point C when the displacement d A is applied in Fig.  1 (a) . The notation indicates an inner product of vectors. The tensor and vector notation is employed instead of the matrix notation for the products. Equation (3) shows that the index U* is described in terms of K AC , which indicates the degree of connectivity between point A and point C.
Extended theory of U* theory to Electrostatic Problem
We extended U* theory to electrostatic field problem. To discriminate between previous U* and new extended U*, previous U* is called "U* in structural analysis" and new extended U* is called "U* in electrostatic field analysis". The dominant equation of electrostatic field can be derived by Gauss's law. Gauss's law is as follows;
where the tensor ε is a dielectric constant, the value V is an electric potential, and the value ρ e is an electric charge density. Finite element equation becomes using Eq. (4) as follows;
where the tensor C is an internal capacitance, and the vector Q or V is an electric charge or an electric potential. Figure 2 shows a dielectric body with charging point A and grounding point B. Point C is an arbitrary point on the body. From Eq. (1), the index U* in electrostatic field analysis is defined as
where the value U E is an electrostatic energy stored in the entire body when point C is ungrounded ( Fig. 2 (a) ), and the value U E ' is a stored energy when point C is grounded ( Fig.  2 (b) ). Since the electrostatic energy U E ' has a higher value when the space between point A and point C is higher dielectric constant, the index U* in electrostatic field analysis expresses the dielectric performance between the charging point and an arbitrary point. From Eq. (5), the relationship concerning the electric charge and electric potential among points A, B, and C is expressed in terms of the internal capacitance as follows;
From Eq. (6) and Eq. (7), the index U* in electrostatic field analysis can be written as follows;
where the scalar V C is an electric potential of point C when the electric potential V A is applied in Fig. 2 (a) . Equation (8) shows that the index U* in electrostatic field analysis is described in terms of C AC , which indicates the degree of dielectric performance between point A and point C.
Distribution of U*
As an example of U* calculation, a finite element model and the calculation results are shown in Fig. 3 . The model is a square flat plate. The central area of the model has ten times as high Young's modulus and dielectric constant as the other area. The calculated U* distribution in structural analysis is shown in Fig. 3 (a) . As a boundary condition, the top center of the model was displaced to the vertical direction and the bottom center of the model was fixed. The arrowed line is the ridge line of the U* curved line, which can be regarded as the most stiffened route from the loading point to the supporting point. It can be concluded the ridge line of the U* curved line transfers the largest loading, and we can therefore define this line as the "load path". When we evaluate a structure by using U* in structural analysis, we regard the structure which satisfies next three condition as a good structure. (1) The uniformity of U*: It is desired that U* distribution on the load path decreases uniformly. The uniformity of U* is property about first order differential of U* distribution. (2) The continuity of U*: It is desired that the curvature of U* distribution on the load path is small. The uniformity of U* is property about second order differential of U* distribution. (3) The consistency of U*: It is desired that the load path from loading point to supporting point is consistent with the load path from supporting point to loading point, which can be obtained by reversing the loading point for the supporting point. The load path of this model is straight and U* distribution on the load path decreases slightly.
The calculated U* distribution in electrostatic analysis is shown in Fig. 3 (b) . As a boundary condition, the top center of the model was subjected to an electric potential and the bottom center of the model was grounded. The arrowed line is the ridge line of the U* curved line, which can be regarded as the most ferroelectric route from the charging point. It can be concluded the ridge line of the U* curved line transfers the largest dielectric force, and we can therefore define this line as the "dielectric force path". When we evaluate a structure by using U* in electrostatic field analysis, we regard the structure which satisfies next three condition as good dielectrics.
(1) The uniformity of U*: It is desired that U* distribution on the dielectric force path decreases uniformly. The uniformity of U* is property about first order differential of U* distribution. (2) The continuity of U*: It is desired that the curvature of U* distribution on the dielectric force path is small. The uniformity of U* is property about second order differential of U* distribution. (3) The consistency of U*: It is desired that the dielectric force path from charging point to grounding point is consistent with the dielectric force path from grounding point to charging point, which can be obtained by reversing the charging point for the grounding point. The dielectric force path of this model is straight and U* distribution on the load path decreases slightly.
Parallel and serial dielectric models
Figures 4 and 5 show U* distributions in electrostatic field analysis and electric potential distributions of the serial and parallel dielectric models. At these models, the air exists between dielectrics. The arrowed lines represent dielectric force paths. As a boundary condition, the top of the model was subjected to an electric potential and the bottom of the model was grounded. Both side of the model was assumed as periodic boundaries. From Figs. 4 (a) and 5 (a), U* distributions on the dielectric force path of serial and parallel models are quite different. On the other hand, the electric potential distributions are almost the same as each other. This means that the index U* describes the dielectric property in the model more correctly than the electric potential. U* in electrostatic field analysis is very low at the air areas. This means that the dielectric performance does not efficiently transfer at these areas and the parallel model has better dielectric performance than the serial model. This result matches what the dielectric constant of the parallel model which is 9.73 is higher than that of the serial model which is 8.17. It is concluded that U* in electrostatic field analysis is more useful to study dielectric performance than the electric potential. Figure 6 shows the cross-sectional photograph of LSI device and its finite element model. As a boundary condition, the top of the model was subjected to an electric potential and other boundary of the model was grounded. Both side of the model was assumed as periodic boundaries. U* distribution in electrostatic field analysis is shown in Fig. 7 (a) and the electric potential distribution is shown in Fig. 7 (b) . The ranges of the contours are nonuniform because of facilitating visualization. It is found that the distribution of U* and electric potential are quite similar, though the absolute value is not same. This implies that U* distribution can express the electric potential distribution if the material is homogeneous. Therefore, it is concluded that the index U* includes the meaning of the electric potential and is more appropriate to describe the dielectric performance than the electric potential.
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Numerical Results
Porous low-k dielectric models
We considered the dielectric material as silicon oxy carbide (SiOC) in this paper. The dielectrics were assumed to be isotropic and dielectric constant is 2.9 (19) . Pores were assumed as vacuums and dielectric constant is 1. We set the porosity of the models 40%. The pore shapes are cylinder. The pore arrangements are random, midmost, vertical that pores are lined lengthways and oblique that pores are lined asquint. The pore radii of the random structure are Weibull distribution (20) . Weibull distribution function is
where r is the radius, m is the shape parameter and η is the scale parameter. The radii of the cylinder random structure models are Weibull distribution which is m=2.47 and η=64.68 (20) . Figure 8 shows U* distributions in electrostatic field analysis. As a boundary condition, the top of the model was subjected to an electric potential and the bottom of the model was grounded. U* dropped sharply at pores. The arrowed lines represent dielectric force paths. Figure 9 shows U* distributions on the dielectric force paths. The dashed line indicates U* distribution on the dielectric force path of the non porous flat plate model. Because the material is distributed uniformly at the non porous flat plate model, it can be said that the non porous structure has the ideal U* distribution on the dielectric force path. The U* distributions are slightly different from each structures. Therefore, the effect of pore arrangements on the dielectric performance is very limited.
Porous high-k dielectric models
The dielectrics were assumed to be isotropic and dielectric constant is 5. Pores were also assumed as dielectrics and dielectric constant is 50. Figure 10 shows U* distributions in electrostatic field analysis. As a boundary condition, the top of the model was subjected to an electric potential and the bottom of the model was grounded. Contrary to low-k dielectric models, U* raised at pores. The arrowed lines represent dielectric force paths. Figure 11 shows U* distributions on the dielectric force paths. The dashed line indicates U* distribution on the dielectric force path of the non porous flat plate model. Different from porous low-k dielectric models, U* distributions on the dielectric force paths strongly depend on the structures. U* distribution on the dielectric force path of the random structure model is closed to that of the non porous flat plate model. U* distributions on the dielectric force path of the midmost structure model is quite different. When U* distribution on the dielectric force path is similar to that of the non porous model, dielectric constant becomes higher. On the other hand, if the dielectric constant become lower, U* distribution on the dielectric force path is apart from that of the non porous model. This result matches what the dielectric constant of the random structure model is 10.39 which is the highest and the dielectric constant of the midmost structure model is 9.90 which is the lowest.
Discussion
To quantitatively describe the deviation between the porous and the non porous structures, we introduced the following parameter, R d . Rate of deviation, R d , is defined as the followings;
porous non porous d * * (10) where U* porous is the U* of porous structure and U* non porous is the U* of non porous structure. The small rate of deviation indicates that the dielectric force transfers efficiently in the structure. The large rate of deviation indicates that the structure is not appropriate for the dielectric force transfer. The rates of deviation for each structure are summarized in Table 1 . The small rate of deviation is high dielectric constant. The large rate of deviation is low dielectric constant. It is concluded that this parameter is useful to evaluate the efficiency of dielectric force transfer in structures quantitatively. 
Conclusions
In this paper, the index U* which used to indicate the load paths in a structure was extended to electrostatic field analysis. U* in electrostatic field analysis evaluated the dielectric performance of a dielectric body. The followings are the conclusions of this study: (1) U* theory is extended to electrostatic field analysis. U* in electrostatic field analysis can express the dielectric performance of the dielectric structures. (2) U* in electrostatic field analysis denotes the same tendency of the electric potential in some cases. The index U* includes the meaning of the electric potential and is more appropriate to describe the dielectric performance than the electric potential. (3) At low-k dielectric models, the effect of pore arrangements on the dielectric performance is very limited, although the random structure has an advantage for dielectric performance. (4) At high-k dielectric models, there is a correlation between U* distribution on the dielectric force path and dielectric constant. (5) In U* analyses, the rate of deviation from the non porous structure was proposed. This parameter describes the rate of deviation from the ideal structure and is useful to evaluate the efficiency of dielectric force transfer in structures quantitatively. 
